The errors in gravity surveying at sea which are the most difficult to estimate are involved in position-finding, measurement of speed over the ground, the variations of depth keeping and in the second-order correction. Submarine gravity surveying is also a slow process on account of the time required for an observation with the standard Vening Meinesz 3-pendulum apparatus and the complications of computing the result. During the recent cfuise in the English Channel in May 1948 of H.M. Submarine Talent most of these difficulties were overcome by the provision of special instruments which are described here. The most important of these was a stabilizer which, by automatically compensating the effect of side ways accelerations on the pendulums, removed the necessity for certain tedious corrections and enabled the results to be rapidly computed.
The technique of making pendulum observations a t sea was introduced first by Meinesz in 1923 (Meinesz 1929 . Since then many expeditions have been made by various nations employing the apparatus in the form developed by him. Ewing made important advances (Ewing 1937) by employing the quartz crystal as a stan dard of frequency for timing the pendulums and by eliminating the variable lag in the electromagnetic shutter which, by eclipsing the light source, provided timing marks on the record. His technique was employed almost unchanged by Browne (1937) and by Browne & Cooper (1949) in later British surveys. Browne (1937) made an important theoretical contribution to the problem by pointing out th at the accelerations of the submarine, though compensated to the first order by the 3-pendulum technique, would give rise to second-order effects. No practical confirmation of this theory has yet been obtained, though attem pts to do so have been made by Meinesz (1937 Meinesz ( , 1938 and by Browne & Cooper (1949) .
The latter obtained no results confirming the theory b u t believed th a t other sources of error, e.g. vibration of the pendulum support and uncertainties in ground speed, m ay have masked the effect for which they were seeking.
One of the objectives of the expedition in H.M. Submarine Talent in May 1948 in the English Channel was the investigation of these sources of error. B y the use of a ' Decca * navigation system which provides excellent cover in the Channel, and of taut-w ire gear for ground-speed measurement, two of the main uncertainties were eliminated. The estim ated accuracy of position-finding was about 100 yd., equivalent to 0*05 mgal. in a north to south direction, and th a t of ground speed was about 0*05 knot, equivalent to 0*2 mgal. in an east to west direction.
Variations in depth-keeping have the effect of bringing about a difference of vertical velocity between beginning and end of an observation and hence of causing a change in the mean value of apparent gravity taken over the whole time. I f a lim it can be safely assigned to the m aximum differences in vertical velocity, then by observing for a sufficiently long tim e the average vertical acceleration can be reduced to any given am ount. In practice, observations of a t least half an hour are essential a t present. P a rt of the velocity variations are, of course, due to wave motion, b u t the nature of the Meinesz record enables these short-term fluctuations to be averaged out. I t is the long-term variations which have to be taken into account.
In Talent an autom atic depth recorder was employed, producing a record of depth variations accurate to about 1 ft. w ith respect to any previously arranged zero. The record was obtained in perm anent form from an Esterline-Angus recording milliam m eter, and changes in vertical velocity of about 0*5 ft./m in. could be measured from it. This enabled the error from this cause in observations of 20 min. duration to be reduced if necessary to 0*04 mgal. Corrections of as much as 2*5 mgal. have sometimes been derived from the records. Shorter observations could be taken b u t for the lim itations of the accuracy of recording the pendulum swings.
The acceleration recorder described by Browne & Cooper was carried in almost unchanged form. I t was expected th a t, other errors having been substantially reduced by the above refinements, any remaining discrepancies between two or more observations a t different depths a t the same station should be capable of close correlation w ith the measured accelerations.
A serious disadvantage of the pendulum technique is its slowness. This is due, first, to the necessity for developing a photographic record, which cannot be under taken a t sea in a submarine and so m ust be postponed, and secondly, to the length of tim e required to compute the corrections which have to be applied before the value of gravity becomes known. I t is clear th a t an autom atic m ethod of recording the motion of the fictitious pendulum would be desirable, and although any real system w ould have to take account of the fluctuations in period due to the vertical accelerations of the wave movements, it is, nevertheless, possible to conceive one w ithout great difficulty. The advantage would be lost, however, if some of the corxections could not be eliminated. The most tedious of these are those for arc and for deviation from isochronism, depending as they do on a record of the am plitude and phase of the middle pendulum w ith respect to the two fictitious ones for the whole observing time.
In Talent, therefore, an instrum ent was carried which stabilized the pendulum apparatus against horizontal accelerations in the swinging plane, and kept the centre pendulum a t rest throughout. This was done by arranging th a t the displacement of the centre pendulum from the apparent instantaneous vertical controlled, by means of a photocell and electrical amplifier, the current in an electromagnet rigidly attached to the submarine and attracting an arm ature secured to the frame of the apparatus. Since all three pendulums are mounted on the same support inside the apparatus, if one of them remains undisturbed and a t rest, whatever the motion of the support may happen to be, then it can be shown that, subject to certain con ditions, the other two will swing with the same period as they would possess on a rigid support.
The deviation from isochronism correction is thus eliminated, and the arc correc tion is also simplified.
This 'stabilizer' has been shown theoretically and practically to be successful and has enabled the results of the Talent survey to be computed very quickly. These results and their geological significance will be discussed in a later paper.
During the cruise, such fine weather was experienced th a t the second-order corrections even on shallow dives were smaller than the probable error of uncorrected gravity. Therefore no information has been obtained a t sea either confirming or conflicting with Browne's theory. After return from the cruise an attem pt was accord ingly made to apply artificial accelerations to the entire apparatus in the laboratory. Though these experiments were incomplete because the pendulum apparatus was needed elsewhere, they confirmed the theory for accelerations of 5 sec. period, but anomalous results were obtained when the period was reduced to 3 sec.
The report describes the theory and practice of the stabilizer, the construction of the automatic depth recorder, and the use of the navigational aids. Results are introduced only so far as they are relevant to this discussion, and the full table of gravity values will be given in the later paper.
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If a single pendulum is hung on an immovable support it is a relatively easy m atter to deduce the changes in gravity from the changes in its period when it is set up in different places. Most supports are elastic, however, and a correction has to be applied to allow for the periodic yielding to the pull of the swinging pendulum. Alternatively this * sway ' correction can be eliminated by swinging two isochronous pendulums with equal amplitude in antiphase on the same support. If the support is now given a random motion it is clear th at the swinging of the pendulums is disturbed, and that if the motion is not completely specified no result can be deduced for the value of gravity. Meinesz (1929) has shown, however, th a t the difference between the deflexions of two isochronous pendulums swinging on the same support is unaffected to the first order, provided the motion of the support contains only periods which are long compared with th at of the pendulums. This differential oscillation he terms a fictitious pendulum. If the pendulums are not exactly iso-chronous this result still holds if the deviation from isochronism is small, provided th a t a correction is applied for it. I t is clear th a t, even were the pendulums isochron ous a t zero am plitude, since their individual amplitudes vary w ith time depending on the motion applied to the support, they will not remain so throughout the observations. Thus there is also an arc correction of complicated form to be applied. The corrections for arc and deviation from isochronism (abbr. DI) appear in the following form:
where Tx, T2 = periods of pendulums 1, 2; a, = amplit and of pendulum 2; and ( J ), < f> 2 = phases of the same. The term ' fictitious pendulum ' is used to describe a movement representing the difference between pendulums 1 and 2. I t will be seen th a t, since a2 and (J)2 -be read from the record and averaged over the whole observation. This process absorbs m ost of the tim e of computing. I f is small there is some advantage, since the accuracy w ith which the other quantities m ust be determ ined is thereby reduced. On the other hand, if it is arranged th a t initially one pendulum is a t rest while the* other swings there will be a sway correction; accordingly three pendulums are used, of which the outer two are set swinging in antiphase whilst the middle one is initially a t rest. Records are made of the two fictitious pendulums formed by the difference of the motions of the middle and each outer pendulum. Although this secures absence of sway a t first, during the course of an observation the system m ay change from w hat we m ay call the (1,0, -1) state to a (2,1,0) state, thereby bringing about a large sway correction. I f the m otion of the support is fairly small and random, however, the sway will average itself out over the tim e of observation. Furtherm ore, the sway correction will be of opposite sign for the two fictitious pendulums, since these continue to swing in antiphase. Thus to the first order their mean period, which is always taken for deducing gravity, is unaffected. This effect is, however, shown by variations in the-differences of their periods, which, a t sea, m ay am ount to as much as 50 x 10_7sec.
Nevertheless, it is clear th a t considerable advantages of convenience would result if a2 were always zero. I t is easily seen from (2*1) th a t the arc correction then reduces to the usual expression except th a t the am plitude of the fictitious pendulum appears; Meinesz has shown th a t this also is unaffected by the motion of the support, and so a single observation of this am plitude a t the beginning and another a t the end would suffice for correction purposes, as is done for land observations. The correction for deviation from isochronism vanishes.
There are several complications which arise when an auxiliary electromechanical device (or 'servo-stabilizer') is considered fbr this purpose. In the first place it is clear th a t the condition a2 = 0 implies th a t the support m ust in tionary as regards horizontal motion in the swinging plane. Any movement w hatever will destroy the condition. This is clearly an absurd restriction on an apparatus mounted in a submarine. The difficulty is, however, only apparent; the condition a2 = 0 really implies th a t the middle pendulum does not depart from the apparent vertical, not the true vertical. I t is clear th a t if the direction of apparent gravity were varied infinitely slowly the outer pendulums would swing with unchanged period about an inclined zero line, whilst the centre pendulum would aline itself parallel to this zero line; the fictitious motion would be undisturbed. In the apparatus is mounted a damped pendulum of short period which is intended to maintain its alinement along the apparent vertical; it is therefore necessary only to arrange for the middle pendulum to remain parallel to this damped pendulum to keep a2 = 0.
Even if this condition is satisfied exactly-although it evidently cannot be in practice because of the technical imperfections considered later-it must be borne in mind th a t the pendulums are not exactly isochronous even a t zero amplitude. Accordingly it is not evident without further investigation th at the outer pen dulums will swing as if undisturbed. Putting the problem another way, we may enquire, given th at energy in a band centred on the middle pendulum period is filtered from the support, how much energy will be acquired by the other pen dulums a t periods slightly above or below this. P u t in the latter form, the problem can be answered by a very simple argument. Regard the system whereby the middle pendulum is reduced to rest as effectively damping the latter artificially and rather heavily, depending on the technical efficiency attained. Then its response curve to forcing will be considerably broadened. where dnfen is the deviation of the frequency of F from resonance. Suppose now th a t energy of all possible frequencies is contained in the random sideways accelera tions which are reaching the whole apparatus. (It will be permissible to suppose the energy uniformly distributed with respect to frequency in a small band within, say, I % of nfen.) Suppose also th a t the centre pendulum is kept at rest by stabilizing device; then no energy of frequency njZn has been allowed to reach the actual support of the pendulums. If the original energy flux were such th at after a given interval of time, unit amplitude would have been acquired in the absence of the stabilizer, we may regard the latter as having subtracted energy equivalent to this unit amplitude. At any other frequency ( ± the corresponding amount is equivalent to an amplitude of 1 -2<fri2/A2, leaving a residual amplitude of 1 -(1 -2&i2/A2) or 2&%2/A2. For this acquired amplitude not to cause an error in apparent period of more than 1 part in 2 million, or 1 mgal. error in gravity, it must not exceed n j5 00 of the amplitude of its initial swinging, if the observation las 2000 sec. Thus if conditions are such th at a free pendulum left on the support would acquire the same amplitude after 2000 sec. as is used when setting the pendulums swinging for an observation-and this corresponds to the roughest conditions ever experienced in practice-we have 2<fo2/A2* 77-/500.
(2-5)
Now it will appear later th an A can usually no t be made better th an 1/15 sec.-1 so th a t (2*5) reduces to 8n >{7r/225000}*, or 8T> 1 in 270 (approx.).
This is a very easily satisfied condition. The assumption has been made in this argum ent th a t the resultant motions of the pendulums a t any tim e after starting can be regarded as compounded of the original motion plus the linear addition of random vectors; although it is known th a t a pendulum w ith finite am plitude is in fact a non-linear system it does no t appear th a t this will invalidate the above argum ent, which is intended only to give an order of magnitude.
A more serious first-order source of error will be due to the technical impossibility of m aintaining a2 exactly zero under disturbed conditions. Hence, if its value is neglected in equation (2*1) an error will arise. We m ay easily deduce the root mean square value of a 2 under given conditions if A is known. I f a un it displacement is given to the middle pendulum its response will be e-A*sin (277-2 + a), (2*6) where a is an arbitrary phase-angle.
Hence if a series of displacements av a2, ...,a n are applied a t arbitrary intervals, throughout a tim e of observation T long compared w ith 1 /A the root mean square value of a 2 is The total value of the expression (2*1) usually am ounts to th e equivalent of 12 mgal. Hence, if a 2 does not exceed 5 % of a, the worst error th a t can occur in the mean of the two fictitious pendulums is 10 % of 12 mgal. or slightly more th an a milligal. I f the pendulums do not differ in frequency by more th an 10 parts per million the error through neglect of D I is also less th an a milligal.
Owing to the action of the stabilizer, there will be term s in the m otion of the support of period equal to the pendulum period since it cannot be perfectly stabilized. Their amplitude, as has been shown above, will nevertheless be small; in practice the am plitude a of (2-8) is about 0*01 radian, and so about 0*0005 radian is the expected value for the 'imperfection' disturbance term. The general solution to the equation representing the effect of a disturbance of arbitrary period and amplitude on the pendulums has not been obtained. I t has been solved in the special case of periods long compared with the pendulum period and for the case of two pendulums swinging in antiphase on the same support by Browne (1937) . The equation is
W+ g sin
The general case need not be studied in the present instance, however, since the amplitudes are restricted and the motion of one of the pendulums is constrained in a special manner. Making use of these limitations we proceed as follows: write down the equation for each pendulum in the form (2*9) lx 6X + gsm.0x = F cos l2 + F is to be regarded as arbitrary for the present. Eliminating it we obtain
Let dx refer to the stabilized pendulum, then making use of the above limitations we may assume 6X = 0 + 0 , where ta n^ = F/g and 6 is small, of order 0-00 period lsec. Then
and 0X --02 we obtain zero on the right-hand side of (2-12) which then reduces to Browne's case. If
Fi s a slow m left-hand side may be averaged and we obtain his second-order correction. If 4= 0 the effect of the right-hand side regarded as a disturbance term must be assessed. The departure from isochronism is unlikely to affect the case, so we suppose l, and since all the angles are small, we expand the circular functions. Then the righthand side of (2-12) becomes
If we take 02 and ^ to be about 0-01 and the period of 0 to be about 6 sec. then it is clear th at the greatest of these terms is g{<f) -02) 0<j)jl, which may reach an amplitude of 4 x 10-6. Hence we may rewrite equation (2-11) omitting the right-hand side in the form
By a theorem of Sturm & Liouville, the period of this motion must lie between (1 ± | < l> 0 | )* times the period obtaining when 0 = 0. Thus i f^ = 5 x 10-6 it is possible th at errors of 5mgal. might occur. However, it must be appreciated th at these conditions represent extremes and smaller errors in fact arise when averaged over a long observation if F is random. Moreover < f) = 0-01 would represent seriously disturbed conditions. In the survey in Talent described below, < j > never exceeded an average of 3 x 10-3, or 0 an average of 3 x 10-4, so th at | <f>01 was less than 10~6.
T h e o r e t ic a l d e s ig n of t h e st a b il iz e r

It. I. B. Cooper
In figure 1 is shown a schematic diagram of the elements of the servo-mechanism. I t is assumed th a t a voltage can be obtained linearly proportional to the difference of inclination (y -z) between the middle main pendulum and the short-period pendulum; if the latter follows the apparent vertical exactly then this represents the quantity a 2 °f the previous section. There are two complications: first any real pendulum m ust have a finite period and so cannot follow the apparent vertical precisely; secondly the short-period pendulum is m ounted inside the pendulum case for optical convenience and so is affected by the force applied by the electromech anical transducer. This means th a t the natural period and damping of the shortperiod pendulum m ust enter as param eters in the equations for the system, as m ust also the natural period and damping of the apparatus itself on its supporting stand. I t m ay be pointed out here th a t the case is m ounted in gimbals to eliminate the effects of the rolling and pitching of the submarine; this will not affect the operation appre ciably, since the result is simply th a t the force of the m agnet is not applied quite perpendicular to the direction of apparent gravity. The study of such a system, involving the interaction of three separate periodic motions, is a laborious problem, and although it has been carried through and the conditions for stability arrived at, it is clear th a t the results could only be regarded as pointers and need not be adhered to strictly in the construction. Indeed it will appear th a t the practical difficulties of modifying the Meinesz pendulum apparatus, which is the only type available, to satisfy the optimum conditions would be pro hibitive. Nevertheless a solution will be given for its interest: I t will be seen th a t this gives a period for the short-period pendulum of about 1/4sec. and a heavy damping, and a period for the apparatus of about 1/14sec., i.e. it should be on a rather rigid mounting, and not damped. The air damping of the main pendulum is, of course, negligible.
When the behaviour of the system under various accelerations of the submarine was studied theoretically, however, it was found th a t what tended to occur was th a t forcing of short period caused the short-period pendulum to aline itself along the direction of the middle main pendulum and not vice versa. This forcing scarcely disturbed the response of the main pendulum to S, the submarine's acceleration, and so no stabilization took place. This behaviour would probably affect the apparent period of the other main pendulums.
I t has already been pointed out th at if the short-period pendulum were suspended from a support rigidly mounted in the submarine the optical system for producing a movement equal to its deviation from the middle pendulum mounted in the case in gimbals would be excessively complicated. An amplifier cutting off sharply below 1 cycle would also be very difficult to make. A solution alternative to (3*1) would be n x = (2-«j3)n2 but then the natural period of the apparatus in its mounting (now 4 sec.) would be close to wave-period and dangerous resonances might occur. This difficulty was not overcome, but, as will be seen below, for practical reasons many other criteria had to be abandoned as well and the ultimate test, th a t the system was made to work and gave results in agreement with unstabilized observations, remains the principal cause for satisfaction.
P ractical d e sig n of th e stabilizer
I t was impracticable to carry out exactly the conditions arrived a t theoretically in the last section. The main difficulty was th at the existing short-period pendulum in the apparatus had to be used; this was not nearly of short enough period (3/4 sec.) and was insufficiently damped (after considerable patience with adjusting the quan tity of oil in the damping compartment the pendulum decayed to e_1 of its amplitude in about 12 to 14 swings). This could not well be altered; the pendulum has to carry two reflecting surfaces of approximately 3 x 1 cm. in area, which in the actual apparatus are heavy prisms, and has to be composite with internal damping (Meinesz 1929, p. 51) to avoid influence by the rolling of the apparatus in its gimbals.
Since three of the most im portant criteria were then necessarily going to be modified, it was hardly w orth endeavouring to design the amplifier according to theory, and the practical procedure adopted was to estim ate the force required when manually reducing the pendulum to rest from a certain am plitude, and to build an amplifier w ith sufficient gain to do the same. A certain am ount was kept in hand and 532 R. I. B. Cooper main pendulum box a control provided, and the system was adjusted to best stability, as judged by th e rate a t which the middle pendulum came to rest after an impulse, by experimenting w ith different am ounts of phase-shift. The rigidity of the apparatus in its mountings also enters into the design; the standard frame provided for a Meinesz apparatus is distinctly 'w obbly' even when clamped to the deck; in T u d o r* it had been considered desirable to b members to the hull w ith auxiliary struts to avoid sway. The n atu ral period seems to be about 3 to 4 cycles and this was sufficiently ' high ' in comparison w ith the m ain pendulum period and th a t of the 'short-period' pendulum to need no artificial modification.
A crude electromagnet was used as electromechanical transducer. This was mounted rigidly on an L-shaped girder bolted to the lower girders of the frame of the Meinesz apparatus (see figure 2) , and its arm ature was fixed to one of the upper arms supporting the gimbal cradle. The unit is, of course, distinctly non-linear and not very efficient, since the attractive force varies inversely as the fourth power of the air-gap. I f a large air-gap is not left instability may arise and the armature can be violently sucked on to the magnet by the large forces developing in the reduced gap with consequent damage to the pendulums. But if too large a gap is left much flux is lost and insufficient mechanical force is obtained. Although it thus appears th a t the practical realization of the theoretical design left much to be desired, it must be borne in mind th at the properly designed theo retical instrument would have been nearly critically damped; all th at was necessary for the immediate ends was a device for abstracting energy from the middle pendulum a t least as fast as it would be acquired; this meant th at it should decay in a few hun dred swings, not in one or two. In the final instrument about 20 swings were required before the amplitude became inappreciable, so th at there was still an adequate safety margin, even in the relatively crude design necessitated by practical limitations.
Recent advances in the technique
The relative motion of short-period pendulum and middle pendulum had to be made to produce a proportionately varying current from a photocell; it was also clearly essential to retain a photographic record of the movement of the beam in order to be able to check afterwards that the stabilizer had worked properly. I t was impossible to arrange for two separate light sources and so the fight beam was split after emergence from the pendulum apparatus (figure 2, lower box) on its way to the camera (figure 2, upper box) by inserting the edge of a right-angle prism. Figure 3 shows a schematic diagram of the optical system; it was housed in the small black box seen in figure 2 ju st below the camera. A stop had also to be inserted in the train of prisms inside the pendulum apparatus where the light is parallel to prevent rolling of the apparatus in its gimbals from affecting the am ount of light falling on the photocell. An a.c. amplifier was employed to amplify the current from the latter in order to secure sufficient gain conveniently, and so the light was 'chopped' by a rotating paddle-wheel before it fell on the cell. This can also be seen in figure 3 . A d.c. Pointolite was used as light-source to prevent 50 c./sec. hum from causing interference: Considerable care was taken to screen the leads to the m otor driving the paddlewheel. A preamplifier valve was m ounted in the box as this reduces noise and in ter ference by raising the signal-level in the lead from box to amplifier; the separation of the two stages of amplification also makes for stability. A circuit diagram of the system is given in figure 4 .
In the normal operation of the Meinesz apparatus, an alternative m ethod of recording is adopted during the middle of the observation. The paper is run a t oneth ird the normal speed and the light is eclipsed for half a second every second. This enables the phases of the centre pendulum and fictitious pendulums to be compared during this time. In the present instance it is not possible to do this since the eclipses will affect the light falling on the photocell and disturb the apparatus. However, since the phases are not required when the stabilizer is working, this drawback is not serious.
The following numerical data give an idea of the operation: Photocell sensitivity, fiA. cell-current at optimum bias per mm. movement
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of spot on record 10-4 Grid leak in series with photocell 10 MG Gain per stage a t 250 c./sec. 120 Voltage (d.c.) a t grid of 6J 5, per mm.
0-6 Magnet current a t £-gain, per mm.
3 mA Magnet pull, per mA (gap = 2*5 mm.) 300g. Overall sensitivity, g./mm. a t £-gain 900 Magnet wound with 15,000 turns no. 27 enamelled copper on 1 in. diam. iron core 2 in. wide, normal standing current 60 mA, pole-face area 10 cm.2.
R esu lts of tests on th e stabilizer
There was insufficient time to design a proper shaking table before the cruise. All th a t could be done in the way of tests was to take runs alternately with the stabilizer switched on and off and to apply deliberate disturbances by pushing the frame during the stabilized runs. Even Without these the stabilizer can be tested, because in general the two outer pendulums are not exactly balanced and some sway is present which causes the centre pendulum to acquire amplitude unless the stabilizer is on.
When adjusting the system a t first to get the centre pendulum to come to rest in the shortest number of swings it was noticed th a t the amplitude often decayed quite rapidly in a few swings and then built up again only to decay once more, a series of 'beats' being superposed on the general decay. This was attributed to the closeness of the periods of centre pendulum and short-period pendulum and to the poor damping of the latter; probably when the first apparent zero was reached both pendulums were swinging in phase with equal amplitude, i.e. the apparatus had been ' pushed ' so as to bring the short-period pendulum into line with the centre pendulum and not vice versa. The possibility of this occurring when the short-period pendulum is mounted in the apparatus and so affected by the artificial stabilizing impulses has been mentioned in the theoretical section. Damping the short-period pendulum by external means (tissue paper) improved the performance considerably, but in the case of rolling of the apparatus a t sea, this would cause disturbance of the pendulum. It seems certain th at this is what limited the best rate of decay to about 15 to 20 swings. I t was found th at during a stabilized swing, even on the rigid floor of the laboratory, the centre pendulum retained a small amplitude, less than 0*0005 radian. I t was a t first thought to be due to some instability in the system, but when the main pendu lums were a t rest prior to starting the centre pendulum could be brought completely to rest. I t therefore appeared th at the amplitude represented the response to forcing by the inevitable small lack of symmetry in starting the pendulums. This suggested the following experiment: one pendulum alone was swung with normal amplitude and the initial rate of gain of amplitude of the centre pendulum noted when the stabilizer was switched off. This was found to be 0*01 radian in about 3 min.
The stabilizer was then switohed on and the final steady am plitude of the centre pendulum noted; this was about 0*0006 radian. Now the normal m aximum rate of gain under submarine conditions is 0-01 radian in 30 min. and since the am plitude gained is proportional to the square root of the time, ^10 times as great an am plitude would have been gained in this tim e in our experiment. Therefore we expect under submarine conditions only l/^/10 of the equivalent steady amplitude, i.e. 0*0002 radian. This is less than the steady am plitude due to unbalance and both are in any case negligible. L a b o r a t o r y t e s t s o n s t a b i l i z e r (a t P e n d u l u m H o u s The results of the artificial disturbance tests are given in table 1. In the case of observations S 2 and 4, a bump was given to the apparatus every m inute, and the stabilizer allowed to reduce the am plitude thus acquired as far as it was able before the next impulse. The equivalent root m ean square amplitudes were estim ated from the record. No correction was applied to allow for the am plitude of the centre pendulum, the arc corrections being simply estim ated from a single measurement in the middle of each record of the two fictitious pendulums. The observations S 1, 3 and 5, were undisturbed b u t were taken w ith the stabilizer switched on so th a t effectively the centre pendulum was a t rest throughout. I t will be seen th a t th e differences are quite permissible in view of other errors which would enter a t a sea station. Tables 2 and 3 show the initial and final base-station swings, each consisting of six observations, three stabilized and three unstabilized. A lthough the periods changed during the voyage the difference on each occasion between the mean stabilized and unstabilized swings are not significant.
No particular difficulty was experienced in installing and operating the stabilizer in the submarine. H arbour swings were made successfully a t P ortland from 28 to 30 April and, as will be seen from table 4, both unstabilized and stabilized swings agreed with one another, although on account of the exceptionally calm w eather not much amplitude was gained by the centre pendulum even when unstabilized, so th a t this was not a very severe test.
Once set up, the stabilizer gave no trouble and functioned as intended throughout the voyage. A djustm ent of the bias on the photocell to give optim um sensitivity was made by observing the a.c. output from the second amplifier stage on an oscillograph.
[The latter had to be carried in any case for general test purposes.] The bias was not stabilized and required occasional readjustment. This rather inconvenient experi mental procedure was simply dictated by lack of time to build the obviously indicated modifications. I t did not prove a source of annoyance. The use of the stabilizer to reduce the middle pendulum to rest when the outer two pendulums were deflected a t the beginning of an observation made starting very simple. This process usually requires skill and patience because the two outer pendulums must be released a t the instant when the apparatus is level, and if the middle pendulum is moving, this instant is difficult to decide. In an unstabilized run the pendulums were started and then the power supply to the preamplifier was cut off; the magnet current was left on as switching it off would have imparted a jerk to the apparatus. Table 4 gives a comparison of all stabilized and unstabilized runs made in the submarine. The procedure was to observe for 20 min. a t a time, with the stabilizer first on and then Off, all other conditions remaining as far as possible constant. Twenty minutes is an adequate time of observation when the depth recorder is available from which to correct for first-order vertical accelerations. The average difference of stabilized from unstabilized observations in table 4 is obviously not significant. The greater standard deviation of the differences between the pendulums for unstabilized swings is a clear indication th a t sway can occur, and th a t this sway is largely removed by the stabilizer. T a b l e 4. Com par iso n o p s t a b il iz e d a n d u n s t a b Although the average difference between the stabilized and unstabilized swings is small, it m ust be adm itted th a t two errors, of 4 and 5 mgal., have been found. This m ay have been due to there having been a discrepancy in am plitude a t the start, which would give a motion throughout to the centre pendulum and to the shortperiod pendulum. There would thus be an arc and deviation from isochronism correction which has been neglected as well as possible second-order effects. Provided th a t closely isochronous pendulums are used and a good antiphase sta rt is made the stabilizer appears to be a considerable advantage on all counts.
T a b l e 2 . I n i t i a l b a s e s t a t i o n s w i n g s w i t h a n d w i t h o u t STABILIZER (AT PENDULUM HOUSE
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Two attem pts were made to take an observation on the surface, advantage being taken of the exceptionally calm weather. These failed because of the sliding of the knife-edges on the agates, although the stabilizer was successful in holding the centre pendulum a t rest under these conditions. This demonstrates some of the considerable practical difficulties which would beset'anyone endeavouring to make pendulum observations in a surface ship. The vibration of the engines, together with sideways accelerations, would send the knife-edges skating along the agates, and lack of perfection in the gimbals would put on such tilts in the direction per pendicular to the swinging-plane th a t the strain on the knife-edges would be unbearable.
THE AUTOMATIC DEPTH RECORDER 6. D e s i g n o f t h e d e p t h R e c o r d e r
The instrument is illustrated in figure 5 ; it was designed by Mr B. C. Browne and manufactured by the Cambridge Instrum ent Co.
I t depends for its action on the measurement by means of a sensitive aneroid bellows of the difference in pressure between the outside of the submarine and a constant pressure produced inside from the compressed air supply. This constant pressure is arranged to be closely equal to the pressure expected to be encountered a t the mean depth; the movement of the differential bellows then measures the fluctuations about this mean and a sufficient sensitivity can be obtained over this limited range to give measurements correct to about 1 ft. The movement of the bellows is recorded electrically on an Esterline Angus milliammeter.
Clearly the working substance on one side of the bellows must be easily compres sible in order to obtain a mechanical movement of reasonable amplitude. The con stant pressure is produced from an air supply and since sea-water would corrode the bellows it is best to have air also on the other side. Hence a device is incorporated for transmitting the sea-pressure to the air-space. This is the diaphragm unit in figure 5 .
A strong pressure-tight casting is divided in two by a weak elastic rubber dia phragm; the sea has access to one side and air to the other. A light rod is attached at its centre and projects into a Perspex tube on one side so th at the position of the diaphragm maybe ascertained by inspection. Two contacts, Q are arranged so th at when the diaphragm is in its mid-position contact is made to the rod, which is at earth potential. Originally these contacts operated lamps enabling the position of the diaphragm to be ascertained without inspection since the unit had to be placed in an inconvenient position close to the top of the pressure-hull of the submarine. Provided th at the volume of air in the pipe between the diaphragm unit and the bellows unit and inside the bellows is small compared with the volume inside the diaphragm unit, and th at the elastic membrane is weak, the sea-pressure is com municated unchanged to the bellows over quite a large range of pressure. I t is advisable to keep the pipe communicating with the sea short and of large diameter since considerable flow of water may occur in it if the change of depth is rapid.
The bellows unit was provided with a solenoid valve V controlled by a switch to . equalize the pressure on either side of the bellows. There was also an exhaust valve G for releasing the internal pressure when not in use. The gauge 2 was calibrated directly in feet; when the valves G and D were closed the unit did not vary appreciably w ith the bellows movement: Auxiliary gauges 1 and 3 enabled the sea-pressure and supply pressure to be read if required.
In operation the valves Va nd G were initially open and all others c opening A and B the sea-pressure appeared on gauge 1 and the diaphragm went fully up. G was then closed, V still remaining open, and air carefully adm itted to the system via F , E and D until gauge 2 read the nominal depth of dive, i.e. about the same as gauge 1. A t some stage the diaphragm would move hard over to the other side, since this admission of air was not easily controllable. Then by closing D and carefully opening G the diaphragm could be brought back to centre and G and V closed. Gauge 2 then read the zero and the sea-pressure brought about movements of the bellows which were recorded. I t was found exceedingly difficult to arrange to close V as the diaphragm passed centre since it moved so rapidly for small differences of pressure when connected to the whole air space inside the bellows unit. Therefore the contact Q was arranged in parallel w ith the switch controlling the solenoid; V then closed in stan tly as th e diaphragm passed centre and afterwards the switch could be made to close the circuit perm anently.
The recorder was calibrated by adm itting small * puffs * of air through D whilst the system was in operation, the change in the zero being read from gauge 2 and the corresponding step in the record measured. Gauge 2 itself was checked against the other depth gauges in the submarine. The scale was about 2 m m ./ft. and a range of ± 25 ft. could be covered.
The pendulums measure the mean value of vertical acceleration throughout the where xQ , xT are the vertical velocities a t beginning and end respectively. The measurements are obtained by recording the time of coincidence of the pendulum swings, smoothed from the effect of accelerations of wave-period, with an arbitrary frequency standard. This coincidence method is, however, only a special way of counting the number of swings in the time between the instants a t beginning and end of the coincidence interval. Therefore each measurement of this interval-and six are taken by subtracting the times of coincidences a t beginning and end of the record-is influenced by the value of x a t each end. Moreover the mean value of x over the first and the last few minutes of the observation may be zero and yet the individual values a t the instants of coincidence different. Therefore it has been found necessary to determine the slope of the depth/time curve at each instance of coin cidence and to correct on the basis of these measurements.
Timing marks had therefore to be put on the depth record during the beginning and end of each run. Two paper speeds were available, 10 cm./min. and 1 mm./min., and the paper was allowed to run a t the slow rate during the middle of each obser vation. The timing marks were applied each minute in the fast sections by manually displacing the pen.
In general, a record had to be very smooth for it to be certain without measurement th a t no appreciable correction would be necessary. After some experience, however, it was possible to be certain. Most records gave corrections of up to 1 mgal., and a very few about 2 to 3 mgal.; these latter were not always those which appeared on inspection to be the most unsteady. I t should be pointed out th a t in Talent our apparatus was mounted in the fore-ends of the submarine where much of the depthvariation was due to tilting of the boat; the variation a t the control-room was probably much less. Fluctuations of pressure due to surface waves appeared on the record but were not equivalent to more than 2 to 3 in. of water and were smoothed out.
The fluctuations in depth had a period of about 2 min. for most hydroplane operators. Using this fact we can argue very roughly what the limits to depth-keeping must be if we are to neglect the correction by inspection. For in an observation of 20 min., by 7*1, xm ust not exceed 0*85 cm./sec. if the error is to be less than 1 mgal. for a single measurement of period, or 2*1 cm./sec. for the mean of six. Thus a 2 min. sinusoidal variation must not have amplitude greater than 40 cm. or ± 2 ft. The importance of keeping a depth record is thus clearly demonstrated.
This well-known system of position-finding depends essentially on comparing the phase of arrival of three waves transm itted on the same frequency (85 kc./sec.) from three coherent shore-stations. In practice, of course, three different rational mul
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observation. This is tiples of a common frequency are used to enable the waves arriving from the separate transm itters to be distinguished; these are then broken down coherently to the fundam ental frequency in order to compare phases. Loci of constant phase-difference are clearly hyperbolae and a p attern of intersecting sets of hyperbolae is produced from a m aster-station and three slave-stations which enables a fix to be obtained. A rotating dial indicates directly the phase-difference between the m aster and any slave; there is, nevertheless, the possibility th a t the difference in actual path-length from the two stations will be uncertain to one or more whole wave-lengths. If, how ever, the apparatus is first set up in a known position it will then be possible to move to any other given position by counting the revolutions of the dials.
The coverage in the English Channel is very good, the transm itters being sited a t Buntingford, H erts (master), E. H oathly, Sussex (green slave), W orm Leighton, Warwickshire (purple slave) and Stoke Holy Cross, Norfolk (red slave). The accuracy of phase comparison is about 1 % of a cycle or 'lan e'; in the Channel, lanes are about 5000 yd. wide and hence positions can be found to about 50 yd.
The uncertainty in the whole num ber of wave-lengths or 'lane-num ber' in tro duces a difficulty w ith submarines. The apparatus of course cannot work during submergence and therefore 'lane-slip' m ay occur on surfacing out of sight of land. A system of lane-identification has been evolved by Decca b u t was not available in this instance. However, w ith the aid of the taut-w ire gear, which measured the distance travelled during a dive w ith high accuracy, and given th e approxim ate direction there was generally little doubt about the num ber of the lane in which surfacing took place. This could, of course, be checked on retA n in g from the last surfacing position to port. No mistakes ever arose.
T h e t a u t -w e r e g e a r
By means of a sluice-valve and a special adaptor it is possible to a ttach a sinker of cast-iron, weighing about 181b. to a supply of piano-wire wound on a drum and pass it through the bottom of the hull of the submarine whilst submerged. The sinker lodges in the bottom , and from the rate a t which the wire is pulled from the drum the speed of the boat over the ground can be found exceedingly accurately. Also the exact distance run whilst submerged is known.
The wire is of 0*75 mm. gauge and is carried on drum s of 9 miles capacity. I t passes over a measuring wheel fitted w ith a pointer a n d revolution counter, and a tensioning pulley before passing through the grease-packed bush in the adaptor. The revolution counter was read every m inute; in this way if the sinker suffers a tem porary dislodgement and then catches again the displacement can be checked and no error in speed or distance arises* Some difficulty was experienced a t first due to a tendency for the wire to snap where it was clamped to the sinker; this was overcome by connecting it to the latter by means of a few links of chain which gave a flexible join and allowed the sinker to bounce along the sea-bottom before catching w ithout straining the join. After this precaution had been taken, and provided also th a t the sinker was released whilst travelling a t the lowest possible ground-speed, the wire snapped only once sub sequently.
I t is clear th a t this method can only be applied in water whose depth is small compared with the distance travelled during an observation. Errors arise not only on account of the inclination of the wire to the bottom but on account of its tendency to bow out in a tidal stream; these effects have a small influence on the measured speed, however, and the distance is only relevant in the present instance as a guide to lane-identification. If the error in distance is of order 30 yd. in 20 min. the error in speed is about 1/20 knot, equivalent to about 0 2 mgal. if in the east to west direction in these latitudes.
At some double-stations variations in ground-speed due to changes of tida stream with depth and with time were detected. These variations were of about 0*5 knot east to west and so, if undetected, would have led to errors of about 2 \ mgal.
Recent advances in the technique of submarine gravity surveying 543 THE SECOND-ORDER CORRECTION
L a b o r a t o r y t e s t s
Since no evidence was obtained during the cruise about the usefulness of applying the second-order correction, laboratory tests were conducted afterwards. The pendulum apparatus, complete, was mounted on a platform suspended by four wires about 20 ft. long from two beams placed across the stair-well in the Department of Geography. A horizontal acceleration of 5 sec. period in a direction either parallel or perpendicular to the swinging plane could thus be applied. The amplitude had to be maintained constant by hand and great care was exercised not to jerk the apparatus during the run, and to keep the accelerations free from components of frequency near the pendulum frequency. This was not easy and under unstabilized conditions large amplitudes were gained by the centre pendulum-not, however, such as to prohibit the experiment. The acceleration was computed from the period and am plitude and the secondorder correction calculated from this. Table 5 shows the results and it will be seen th a t good agreement w ith theory was obtained both w ith and w ithout the stabilizer in operation. [The vertical component of acceleration due to the swinging of th e apparatus in an arc can easily be seen to be negligible.]
The wires were subsequently shortened to 8ft. and a period of 3*1 sec. o b tain ed ;, it will be seen from table 5 th a t the results under these conditions were anomalous. Unstabilized observations appeared to be impossible, presum ably because the motion could not be m aintained sinusoidal enough w ith these crude arrangem ents and much energy near 1 sec. period reached the pendulums. Insufficient tim e was available to pursue these investigations as far as would have been desirable.
The conclusion seems to be th a t the Browne theory applies for accelerations a t least down to 5 sec. period; it m ay apply a t 3 sec. b u t during the la tter experiments, the energy spectrum probably extended below this period and it is no t possible to say precisely where the lim it of inapplicability of the Browne theory comes.
. C o n c l u s i o n
In the absence of the refinements made it is apparent th a t large errors m ight have remained undetected. P u tting these together we have: 2£mgal. possible error due to speed variations; 1 | mgal. due to faulty position finding; and l^m gal. due to neglect of the second-order correction. Each of these errors alone is not significant in comparison w ith the standard error of the pendulum observation itself (about 2 \mgal.) b u t takep together they will be found to increase the standard error of a gravity measurement to 5 mgal., and consequently some of the larger discrepancies found previously become less perplexing. In general, of course, errors will be nothing like so bad as suggested and the round figure of 3 mgal. usually adopted as the standard error for this kind of work m ay stand. I t is abundantly clear th a t pendulum observations are unlikely to yield results of greater precision th an these. Nevertheless, the importance is dem onstrated of keeping careful check on these sources of error. Summarizing our recommendations we m ay say:
(1) I t is probably necessary to continue to carry an accelerometer in order to know when the subm arine's motions are small enough for the second-order correction to be neglected;
(2) A depth recorder is essential, if the apparatus cannot be m ounted in the control room;
(3) Some form of navigational aid w ith an accuracy a t least as good as 500 yd. is desirable; (4) In shallow water, taut-w ire gear is a substantial advantage. Development of an autom atic recorder for the rate of the fictitious pendulums is a possibility which should be considered now th a t a stabilizer has been shown to be advantageous. In any case the accuracy of recording could be profitably increased to enable shorter observations to suffice, now th a t the error arising from depth variation can be corrected by the depth recorder. The value of gravity m ight then be computed during a voyage which would enable the observing programme to be adjusted to meet the requirements of the geological situation. Considerable saving of labour and expense would result.
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